Currently, there are no animal models of the most common human prion disorder, sporadic Creutzfeldt-Jakob disease (CJD), in which prions are formed spontaneously from wild-type (WT) prion protein (PrP). Interestingly, bank voles (BV) exhibit an unprecedented promiscuity for diverse prion isolates, arguing that bank vole PrP (BVPrP) may be inherently prone to adopting misfolded conformations. Therefore, we constructed transgenic (Tg) mice expressing WT BVPrP. Tg(BVPrP) mice developed spontaneous CNS dysfunction between 108 and 340 d of age and recapitulated the hallmarks of prion disease, including spongiform degeneration, pronounced astrogliosis, and deposition of alternatively folded PrP in the brain. Brain homogenates of ill Tg(BVPrP) mice transmitted disease to Tg (BVPrP) mice in ∼35 d, to Tg mice overexpressing mouse PrP in under 100 d, and to WT mice in ∼185 d. Our studies demonstrate experimentally that WT PrP can spontaneously form infectious prions in vivo. Thus, Tg(BVPrP) mice may be useful for studying the spontaneous formation of prions, and thus may provide insight into the etiology of sporadic CJD.
neurodegeneration | bioluminescence imaging | abbreviated incubation times P rions are infectious proteins composed solely of alternatively folded, self-propagating protein conformers (1) . One mammalian prion that causes transmissible neurodegenerative diseases in humans and animals is composed of PrP Sc , the diseasecausing isoform of the prion protein (PrP) (2) . The accumulation of PrP Sc in the brain causes profound neuropathologic changes, including spongiform degeneration, prominent astrocytic gliosis, and deposition of misfolded PrP. Creutzfeldt-Jakob disease (CJD) is the most common prion disease in humans, with ∼85% of cases having a sporadic origin. The major pathogenic event in sporadic (s) CJD is the conformational conversion of wild-type (WT) cellular PrP into PrP Sc . Although the molecular basis remains enigmatic, several hypotheses have been offered to explain the spontaneous production of WT prions in sCJD including: (i) a somatic mutation in the PrP gene in a small number of cells that generates a mutant PrP molecule capable of templating the formation of PrP Sc from WT PrP on neighboring cells, (ii) discordant mRNA sequences that do not correspond exactly to the DNA sequences (3) , and (iii) a stochastic misfolding process that generates PrP Sc molecules from WT PrP randomly.
Although infectious prions have been formed spontaneously from WT PrP in vitro (4) (5) (6) (7) (8) , there are currently no animal models of sCJD in which expression of WT PrP in the brain leads to spontaneous neurodegeneration. Some lines of transgenic (Tg) or knock-in mice expressing human or mouse PrP containing mutations linked to familial human prion disease develop a spontaneous neurodegenerative illness (9) (10) (11) (12) (13) (14) . However, other Tg lines expressing mutant PrP have failed to develop spontaneous disease (15) . Furthermore, it has proven difficult to demonstrate the reproducible generation of prion infectivity in the brains of the aforementioned Tg mice expressing mutant PrP, in particular the ability to infect mice expressing WT mouse (Mo) PrP.
Interspecies transmission of sCJD prions to WT mice is an inefficient process characterized by long incubation periods and low transmission rates (16) , a phenomenon referred to as the species barrier. In contrast, sCJD prions, as well as prions originating from several other species, are transmissible to bank voles (BV) (Myodes glareolus) and related species with relatively short incubation periods and high rates of transmission (17) (18) (19) . The exceptional promiscuity of bank voles for prions from diverse species suggests that WT BVPrP may be particularly prone to adopting infectious conformations.
Prompted by this notion, we constructed Tg mice expressing WT BVPrP. Tg(BVPrP) mice developed a spontaneous neurologic disease that recapitulated all of the neuropathologic hallmarks of prion disease. Furthermore, this disease could be transmitted to young Tg(BVPrP) mice, to Tg mice overexpressing MoPrP, and to WT mice. These results argue that Tg (BVPrP) mice generate prions in their brains and therefore may be a useful model for dissecting the mechanisms that govern spontaneous prion formation.
Results
BVPrP and MoPrP differ at only eight positions in the mature forms of the protein (Fig. S1 ). Because BVPrP is polymorphic at codon 109, expressing either methionine or isoleucine (20) , we generated Tg lines expressing either of the two WT BVPrP variants under the control of the hamster PrP promoter; these lines were denoted Tg(BVPrP,M109) and Tg(BVPrP,I109) mice. We established two lines of Tg(BVPrP,M109) mice and five lines of Tg(BVPrP,I109) mice; these Tg mice express BVPrP in the brain at levels ranging from 2.7-fold to 8.8-fold compared with levels of MoPrP expressed in WT Friend leukemia virus B (FVB) mouse brain (Table 1) .
We observed that expression of the I109 polymorphism in five different lines of Tg(BVPrP,I109) mice resulted in signs of spontaneous neurologic dysfunction consistent with prion disease, including ataxia, circling, dysmetria, kyphosis, and proprioceptive deficits (Fig. 1A and Table 1 ). The onset of spontaneous disease was inversely dependent on the level of PrP expression in the brain, with earlier onset occurring in mice expressing the highest levels of BVPrP(I109) ( Table 1 ). In contrast, two lines of Tg(BVPrP,M109) mice remained healthy for longer than 500 d, despite having BVPrP expression levels similar to those of Tg(BVPrP,I109) mice that developed spontaneous disease (Table 1 ). Neuropathologic analysis of the brains from Tg(BVPrP,I109) lines with spontaneous neurologic illness revealed prominent spongiform degeneration and intense astrocytic gliosis in the hippocampus as well as punctate PrP deposition in the corpus callosum in all mice examined (19/ 19) (Fig. 1 B-D and Fig. S2) ; activated microglia were also present in the cerebral cortex (Fig. 1E) . Spongiform degeneration, astrocytic gliosis, and punctate PrP deposition were also observed in the thalamus and cerebellum (Fig. S2) ; plaquelike PrP deposits were found in some spontaneously ill mice (Fig. 1 F and G) , including those that resembled the florid plaques present in patients with variant CJD (21) . Increased amounts of PrP following phosphotungstic acid (PTA) precipitation were found in the brains of ill Tg(BVPrP,I109)3574 +/− mice, hereafter denoted Tg3574 +/− mice, compared with young Tg3574 +/− mice, which only exhibited background levels of PTAprecipitable PrP (Fig. 1H) . Protease-resistant PrP was observed following digestion of brain homogenates from spontaneously ill Tg3574 +/− mice with 3 μg/mL of proteinase K (PK); however, no protease-resistant PrP was observed after limited digestion with 50 μg/mL of PK (Fig. 1H) . In contrast, inoculation of Tg3574 +/− mice with meadow vole (MV)-adapted Rocky Mountain Laboratory (RML) prions (22) resulted in the production of stereotypical PK-resistant PrP (Fig. 1H) . Real-time quaking-induced conversion (RT-QuIC) experiments (23) demonstrated that brain homogenates from three lines of spontaneously ill Tg (BVPrP,I109) mice were significantly better at seeding the polymerization of recombinant MoPrP to an amyloid fibrillar form than brain homogenates from either young Tg(BVPrP,I109) mice or WT mice (Fig. 1I) . The seeding activity of brain homogenates from spontaneously ill Tg(BVPrP,I109) mice in the RT-QuIC assay was variable: for the majority of samples, only a proportion of the replicate reactions generated a positive result (Table S1 ), potentially indicating a low titer or stochastic formation of the amyloid-inducing species (23) . Together, these results argue that Tg(BVPrP,I109) mice develop a spontaneous neurologic illness that was characterized by conformationally altered and comparatively protease-sensitive PrP in the brain as well as by neuropathologic changes typical of prion disease.
Previously, it was shown that spontaneous disease in mice expressing a mutant PrP linked to the familial prion disorder Gerstmann-Sträussler-Scheinker disease could be accelerated by inoculation of brain homogenate from spontaneously ill mice into young animals (10, (24) (25) (26) . To determine whether a similar acceleration could be observed in Tg(BVPrP,I109) mice, we inoculated ∼2-mo-old Tg3581 +/− and Tg3574 +/− mice with brain homogenate from spontaneously ill Tg(BVPrP,I109) mice. All inoculated Tg3581 +/− and Tg3574 +/− mice developed signs of neurologic dysfunction, with mean incubation periods ranging from 35 to 49 d (Table 2 ). These rapid incubation periods were maintained upon serial passage of these prions in Tg(BVPrP,I109) mice (Table S2 ). In comparison, uninoculated Tg3581 +/− and Tg3574 +/− mice developed signs of neurologic dysfunction with mean incubation periods of 218 and 319 d, respectively (Table 1) . Thus, inoculation of young Tg(BVPrP,I109) mice with brain homogenates from ill Tg PrP expression levels were determined relative to expression of WT MoPrP in FVB mouse brain. n, number of positive mice; n 0 , number of examined mice. +/− mice contained increased levels of PTA-precipitable PrP compared with young asymptomatic mice, but no protease-resistant PrP was seen after digestion with 50 μg/mL of PK ("high"), as was observed in mice inoculated with meadow vole-passaged RML prions (RML→MV). Using milder digestion conditions ("low," 3 μg/mL of PK), misfolded PrP could be detected in the brains of spontaneously ill Tg3574 +/− mice. (I) RT-QuIC analysis of brain homogenates from young or spontaneously ill Tg(BVPrP, I109) mice. Significantly greater seeding activity was observed in the brains of ill Tg(BVPrP,I109) mice compared with asymptomatic young Tg3574 +/− mice and wild-type FVB mice. Each data point represents the mean fluorescence value obtained from six replicates of an individual brain sample. **P < 0.01, *P < 0.05.
(BVPrP,I109) mice accelerated the development of neurologic dysfunction considerably (Fig. 2 A and B) , shortening the time to disease onset in Tg3574 +/− mice by ∼70%. Neuropathologic analysis of the brains of inoculated Tg3574 +/− mice revealed prominent spongiform degeneration, astrocytic gliosis, and punctate PrP deposition (Fig. 2 C-E) compared with age-matched, uninoculated mice ( Fig. 2 F-H) . The brains of inoculated Tg3574 +/− mice contained increased levels of PTAprecipitable PrP and mildly protease-resistant PrP compared with 2-mo-old, uninoculated Tg3574 +/− mice (Fig. 2I) ; these findings are similar to observations in aged, spontaneously ill Tg (BVPrP,I109) mice (Fig. 1H) . In addition, similar neuropathologic and biochemical features were observed in inoculated Tg3581 +/− mice (Fig. S3) . These results argue that prions were spontaneously generated in Tg(BVPrP,I109) mice, a process that can be accelerated by inoculating brain extracts from ill Tg(BVPrP,I109) mice into other mice expressing the same transgene.
To monitor the kinetics of disease progression following inoculation, we performed bioluminescence imaging (BLI) on bigenic mice expressing BVPrP and firefly luciferase (luc) under the control of the Gfap promoter. Previous studies using BLI on mice expressing Gfap-luc (27) enabled the visualization of neurologic disease in living mice before the appearance of clinical signs (28, 29) . In inoculated Tg(BVPrP:Gfap-luc)3581 mice, an elevation in the brain BLI signal was apparent by 26 d postinoculation (Fig. 2J ) and progressively increased until ∼35 d postinoculation when mice developed neurologic signs and were euthanized. The brain BLI signal from uninoculated Tg (BVPrP:Gfap-luc)3581 mice remained at background levels for the duration of the experiment (70 d).
We next sought to determine whether the spontaneously generated prions in Tg(BVPrP,I109) mice could be transmitted to mice that do not develop spontaneous disease. For this purpose, we used Tg(MoPrP-A)4053 mice that express MoPrP-A at approximately four times compared with MoPrP in WT FVB mice; these mice are referred to as Tg4053 mice and do not develop spontaneous signs of neurologic illness with aging (30, 31). Brain homogenates from eight different spontaneously ill Tg (BVPrP,I109) mice were inoculated into Tg4053 mice ( Table 2 ). All eight inocula transmitted to Tg4053 mice, with mean incubation periods falling into two distinct groups: (i) ∼100 d and (ii) ∼300 d (Fig. 3A) . Immunoblotting revealed biochemical differences in PrP that accumulated in ill Tg4053 mice. PKresistant PrP was observed in the brains of inoculated Tg4053 mice that exhibited incubation periods of ∼100 d (Fig. 3B) . In contrast, Tg4053 mice with the longer incubation periods harbored no PK-resistant PrP in their brains. For all ill Tg4053 mice regardless of the incubation time, neuropathologic signs of prion disease were found in the brain, including spongiform degeneration, astrocytic gliosis, and punctate PrP deposition (Fig. 3  C-H) . In the Tg4053 mice harboring PK-resistant PrP, the extent of neuronal loss and gliosis was greater than in Tg4053 mice harboring PK-sensitive PrP in their brains.
Brain extracts were prepared from two ill Tg4053 mice and inoculated into additional Tg4053 mice for a second passage (Table S3) . One inoculum was prepared from a Tg4053 mouse with a shorter incubation period (∼90 d) and PK-resistant PrP in its brain. The other inoculum was prepared from a Tg4053 mouse with a longer incubation period (>300 d) and no protease-resistant PrP in its brain. On second passage, both inocula transmitted prion disease to injected Tg4053 mice, with mean incubation periods of <115 d (Table S3 ). PK-resistant PrP was observed in all ill Tg4053 mouse brains examined by immunoblotting, including the mice inoculated with brain extract from the Tg4053 mouse that did not harbor PK-resistant PrP on first passage (Fig. 3L and Fig. S4 ).
To determine whether the prions generated spontaneously in the brains of Tg(BVPrP,I109) mice could also be transmitted to WT mice, we inoculated FVB mice with brain homogenate from a spontaneously ill Tg3615 +/− mouse. Inoculation of FVB mice resulted in neurologic dysfunction in six of eight inoculated mice with a mean incubation period of 185 d ( Table 2) . Analysis of the brains of inoculated FVB mice revealed neuropathologic changes characteristic of prion disease as well as stereotypical PK-resistant PrP (Fig. 3 I-K and M-) , arguing that PrP overexpression was not required for transmission. Cumulatively, these results argue that infectious prions were generated spontaneously in the brains of Tg(BVPrP,I109) mice and that these prions were transmissible to mice expressing WT MoPrP.
Discussion
Here, we demonstrate the spontaneous generation of prions in mice expressing a WT PrP sequence. Spontaneous neurodegeneration has not been reported in Tg mice overexpressing WT hamster, sheep, cow, human, or elk PrP. Thus, the spontaneous disease observed in Tg(BVPrP) mice is unlikely to be due to the expression of a nonmouse PrP molecule within the mouse n, number of positive mice; n 0 , number of examined mice. Lowercase Roman numerals identify unique samples from a given line. *Mean incubation period calculated from seven ill mice; one mouse remains healthy, now at >312 d postinoculation (dpi).
† Mean incubation period calculated from five ill mice; two mice remain healthy, now at >249 dpi. ‡ Mean incubation period calculated from six ill mice; two mice remain healthy, now at >300 dpi.
brain. Although PrP Sc -like conformations have been induced by expression of WT PrP in the cytosol, these PrP conformations have not been shown to be infectious (32) . The spontaneous generation of prions has also recently been observed in Tg mice expressing MoPrP lacking its GPI anchor (26) . However, these mice express a non-membrane-anchored, mutant PrP molecule that is associated with a familial, but not sporadic, prion disease in humans (33) . The prions generated spontaneously from WT and presumably membrane-anchored PrP in the brains of Tg (BVPrP,I109) mice and their transmissibility to WT mice argue that Tg(BVPrP,I109) mice may be an excellent model for studying the factors responsible for the sporadic forms of prion disease including sCJD. In previous studies, Tg mice expressing mouse or human PrP containing mutations linked to familial prion diseases exhibited some neuropathologic or clinical symptoms reminiscent of prion disease, but the disease was not generally transmissible to mice expressing WT MoPrP (10) (11) (12) (13) (14) . Tg mice expressing a chimeric elk/mouse PrP also developed spontaneous neurologic illness (34) , which could be transmitted to tga20 mice overexpressing MoPrP at approximately sevenfold levels and resulted in the production of PK-resistant prions, but only after three rounds of serial passaging.
Similar to the structure of elk/mouse PrP expressed in the Tg mice described above (34) , BVPrP contains a rigid loop within the β2-α2 loop region of its structure (Fig. S1) (35) . This region of PrP is surmised to influence the interspecies transmission of prions (36) , and expression of a chimeric horse/mouse PrP molecule containing a rigid loop in Tg mice resulted in a spongiform encephalopathy (37) . Therefore, the rigid loop region of BVPrP may be important for promoting spontaneous prion formation. However, BVPrP(M109) also contains a rigid loop, and Tg(BVPrP,M109) mice expressing equivalent or higher levels of PrP than Tg(BVPrP,I109) mice did not develop spontaneous neurologic illness. Thus, expression of isoleucine at position 109 seems to be critical for the spontaneous generation of prions. Codon 109 in BVPrP corresponds to residue 108 of MoPrP, which is also polymorphic (Fig. S1 ) and known to influence the transmission rates of prions (38, 39) . This residue lies within the vicinity of PrP regions known to modulate the generation of transmembrane topological variants of the protein, which cause nontransmissible neurologic illnesses in Tg mice (40) . The precise residues of BVPrP that are responsible for the spontaneous generation of prions remain to be determined.
The observation that Tg4053 mice infected with brain extracts of ill Tg(BVPrP,I109) mice exhibited two distinct ranges of incubation times showed that at least two different prion strains were generated. Notably, the strains enciphering shorter incubation times contained protease-resistant PrP Sc , whereas those strains with longer incubations were composed of protease-sensitive PrP Sc . One possible explanation for this phenomenon is that the "fast," protease-resistant strains are present at low titers in the brains of spontaneously ill Tg(BVPrP,I109) mice, but propagate more rapidly upon passage in Tg4053 or WT mice. In contrast, the "slower," protease-sensitive strains likely accumulate to higher titers in spontaneously ill Tg(BVPrP,I109) mice and are able to infect young Tg(BVPrP,I109) mice rapidly, but propagate more slowly in Tg4053 mice. A second possibility is that the two distinct strains emerge in a stochastic manner following cross-species transmission of a single protease-sensitive BVPrP Sc strain. Whether the protease-sensitive strains influence or are required for the generation of the protease-resistant strains is currently unknown. Interestingly, the protease-sensitive strains are sufficient to elicit all of the neuropathologic hallmarks of prion disease. Thus, Tg(BVPrP,I109) mice may be useful for isolating neurotoxic prion assemblies, including the hypothetical oligomeric PrP L ("PrP lethal") species (41, 42) . Whereas spontaneous prion disease has not been reported in bank voles, it is conceivable that older bank voles may potentially harbor subclinical doses of prions in their brains. In WT voles, spontaneous prion formation is likely to be stochastic in nature and will occur more infrequently in animals with physiologic levels of PrP expression, not overexpressed as in the Tg(BVPrP, I109) mice described here. Therefore, spontaneous prion disease may not manifest within the normal lifespan of the animal. Alternatively, bank voles may have evolved compensatory mechanisms to deal with the increased propensity for PrP misfolding. When the increased potential for BVPrP to misfold spontaneously is coupled with the high susceptibility of bank voles for diverse prion isolates including scrapie and chronic wasting disease (17) (18) (19) , it is possible that voles may constitute a substantial and renewing environmental source of prions.
The abbreviated incubation times observed in Tg(BVPrP) mice inoculated with spontaneously formed Tg(BVPrP,I109) prions (diagnosis at ∼25 d postinoculation by bioluminescence imaging or ∼35 d postinoculation by the onset of clinical symptoms) should herald substantial progress in our understanding of the prion diseases. In the past, reductions in the time required to bioassay prions have produced important advances in prion biology. The ability to bioassay prions in 4 to 5 wk should facilitate our understanding of prion replication, increase our knowledge of strain generation, and accelerate the development of effective therapeutics for prion disease.
Methods
Additional methods are provided in SI Methods.
Mice. All mice used in this study were maintained on an FVB/Prnp 0/0 genetic background except WT FVB mice and Tg(MoPrP)4053 mice overexpressing MoPrP (30) , which were maintained on a WT Prnp +/+ background. All animal experiments were performed under protocols approved by the institutional animal care and use committee at the University of California, San Francisco.
Generation of Transgenic Mice. The bank vole PrP (BVPrP) ORF encoding methionine at codon 109 (GenBank accession nos. AF367624.1 and EF455012.1) was synthesized and then amplified with flanking SalI restriction sites by PCR using the primers 5′-CTATATGTCGACACCATGGCGAACC-TCAGCTAC-3′ (forward) and 5′-CTATATGTCGACTCATCCCACGATCAGGAA-GAT-3′ (reverse). Following SalI digestion, the BVPrP coding sequence was inserted into SalI-digested and dephosphorylated cos.Tet vector (43) , which drives neuronal expression using the hamster Prnp promoter. Isoleucine was introduced at the BVPrP codon 109 polymorphism by site-directed mutagenesis and then inserted into cos.Tet. Vectors containing BVPrP constructs were linearized by digestion with NotI, purified, and then microinjected into the pronuclei of fertilized eggs obtained from FVB/Prnp 0/0 mice. Southern blotting of genomic DNA samples was used to identify potential founder animals, and the sequences of the integrated transgenes were verified by DNA sequencing. Tg(BVPrP) lines were maintained in a hemizygous state (denoted +/− ) by backcrossing to Prnp 0/0 mice. Homozygous pups (denoted +/+ ) were generated by intercrossing hemizygous mice and identified by quantitative Southern blotting.
Tg(BVPrP) mice were monitored daily for routine health and assessed three times per week for neurologic dysfunction. Mice were euthanized following the onset of neurologic signs based on standard diagnostic criteria (44) . Brains were then removed and either snap frozen before storage at −80°C for biochemical analysis or fixed in formalin for neuropathologic analysis.
Digestion of Proteins with Proteinase K. For PK digestions, brains were homogenized to 10% (wt/vol) in PBS and then subjected to detergent extraction using 0.5% sodium deoxycholate/0.5% Nonidet P-40. Protein concentrations were normalized using the bicinchoninic acid assay and then 200 μg of detergent-extracted protein was prepared in 60 μL PBS containing 50 μg/mL PK (PK:protein ratio of 1:67) for standard (denoted as "high" PK) conditions or 3 μg/mL PK for mild (denoted as "low" PK) conditions. Digestions were performed at 37°C for 1 h and then stopped by the addition of NuPAGE sample buffer containing β-mercaptoethanol and subsequent boiling. PKdigested samples were then subjected to immunoblotting using the anti-PrP antibodies HuM-P (45) or HuM-D18 (46) .
